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Abstract
Multilayer graphene is grown by precipitation upon cooling of a thin nickel film deposited by e-beam evaporation on single crystal
diamond (001) oriented substrates. Nickel acts as a strong catalyst inducing the dissolution of carbon from diamond into the
metal. Carbon segregation produces multilayers of graphene on the top surface. Characterization by Raman spectroscopy reveals
that these thin layers display relatively narrow Raman phonon peaks that are typically associated with graphene. Atomic force
microscope measurements reveal a multigrain structure that reproduces small domains in the nickel film. The multilayer graphene is
transferred onto a optical microscope glass slide for further analysis. The thickness of the layers estimated from optical transmission
measurements is 12 nm. The catalytic reaction found for nickel on diamond is not observed when glassy carbon is used as substrate.
This method provides a venue for the fabrication of large area graphene films.
1. Introduction
The discovery of graphene and the pioneering studies of its
unique physical properties by Novolesov et al. [1], sparked the
enormous interest in graphene [2, 3]. In a short time, there
have been great achievements both in graphene basic science
and technology that probably will soon have an impact in to-
day’s consumers society. Many of the major high tech com-
panies have plans for the use of this material in short term
plans [4]. The ”graphene wave” has also re-invigorated stud-
ies in graphitic materials [5] and few graphene layer materials.
The original works employed high quality graphene obtained
by mechanical cleaving of natural graphite with ”scotch” tape
and successive transfer to the desired substrate leading to a ran-
dom deposition of graphene of small (10-100 micron) flakes
with both low surface coverage and poor reproducibility. This
simple method is still widely used in research and allows the ob-
servation of a variety of new physical eects in graphene [6, 7]
but it is obviously not suitable for production. Major eorts in
the synthesis of large-area graphene sheets have been made in
recent years [8]. High-quality single- and few-layer graphene
sheets have been grown by decomposition of single-crystal sili-
con carbide [9] and chemical vapor deposition on single-crystal
transition metals such as iridium [10] and ruthenium [11, 12].
These methods require clean UHV conditions in the fabrication
environment.
Carbon usually segregate in the form of graphite onto the
surface of transition metals during cooling. This precipitation
upon cooling process (PUC) has been known for more than
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a century due to its metallurgical relevance [13, 14]. Based
on PUC, an approach better suited for large-scale application
has been demonstrated using an ambient-pressure chemical va-
por deposition (CVD) of hydrocarbon gases on poly-crystalline
transition metals. Large-area graphene sheets have been fab-
ricated in this manner on nickel [15, 16, 17] and copper [18]
thin films. With recent advances in PUC, single-layer and bi-
layer graphene coverage of up to 87% of the film area on
nickel [19] and 95% single-layer coverage on copper foils [20]
has been achieved. The growth mechanism on nickel is based
on gas cracking, dissolution and diusion of atomic carbon into
nickel with subsequent PUC. The growth of graphene on cop-
per, on the other hand, is self-limiting and is a surface-catalyzed
process rather than a precipitation process as it happens with
nickel [21]. The graphene film can be transferred to arbitrary
substrates by wet chemical etching of the underlying metal film.
Another good method for the fabrication of large area graphene
for transparent contact applications is the use of reduction of
graphene oxide (RGO) [22].
Recently it has been demonstrated that the same PUC process
can be used when the source for carbon is not an organic gas,
but a beam of atomic carbon [23] in an UHV clean environment.
The use of an atomic beam deposition technique [23, 24, 25],
explores venues to create high quality large area graphene lay-
ers on an arbitrary substrate. In particular it would be extremely
interesting to be able to produce high quality graphene layers
on a thin dielectric layer placed on a conducting substrate. This
Molecular Beam Epitaxy (MBE)-like approach is inspired by
the great achievements in ultra high mobility 2D electron sys-
tems in GaAs/AlGaAs heterostructures [26].
A slightly dierent approach to graphene synthesis on metal
surfaces has been recently reported, in which the carbon is sup-
plied by a solid-phase method using a silicon carbide substrate
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Figure 1: (Color online) Schematics of the fabrication process. After annealing
a layer of Ni (green) on diamond at 800 C multilayer graphene precipitates
upon cooling on the surface.
as carbon source [27]. In this process a 200 nm nickel thin film
is deposited on SiC via electron beam evaporation. The sam-
ples are rapidly heated in vacuum to 750 C and immediately
cooled to room temperature. During the heating process, both
silicon and carbon dissolve in the nickel, forming nickel silicide
saturated with atomic carbon. Upon cooling the carbon segre-
gates to the surface of the nickel, forming single to few layers
of graphene. In a similar way, it has been demonstrated that
by annealing a thin CVD grown SiC layer [28] covered with
a layer of Ni, both silicon and carbon atoms dissolves into the
metal which forms few graphene layers in a PUC process. This
method has been useful in the fabrication of graphene layers
and devices [28].
In brief, as it has been discussed, in a PUC synthesis of
graphene the source of carbon atoms can be an organic gas
which is cracked at high T [15, 16, 17], it can come from a
carbon containing substrate [28] or it can be supplied by evap-
oration from a carbon cell [23]. The two later strategies can
provide a very precise way to control the amount of carbon
available for the PUC process.
In this paper we demonstrate the growth of graphene lay-
ers using diamond (001) oriented substrate as a source for car-
bon in a PUC process. We prove that the catalytic reaction of
nickel on diamond [27, 29, 30, 31] enables the use of diamond
as a carbon solid source for the fabrication of thin multilayer
graphene films (see figure 1). Furthermore, we show that it is
possible to combine this method with a Molecular Beam De-
position (MBD) [23] of carbon to enhance the quality of the
graphene layers. The multilayer graphene film reproduces the
multigrain structure of the underlying nickel film. This new
method for graphene fabrication could easily be adapted for the
growth of large area layers. The use of other carbon contain-
ing layers (i.e. diamond-like grown by CVD, MBD deposited
layers, etc.) could make this method much more cost eective.
2. Experimental methods
The substrates are synthetic single crystal diamonds pro-
vided by Element SixTM which are 3x3x0.5 mm3 in size and
are (001)-oriented. Diamonds are employed as a solid source
for carbon atoms because they are stable under high temper-
ature treatments. The use of single crystal diamond is in-
tended as a demonstration of the process. Currently other more
cost-eective materials are being explored. Atomic Force Mi-
croscopy (AFM) measurements of the diamond show a surface
roughness of 10 nm. After the substrates are cleaned with
acetone, methanol and isopropanol in an ultrasonic bath, the
evaporation of metals takes place in a separate electron beam
evaporation system with base pressure of 810 6 mbar. The
layer structure consists of 5 nm of titanium deposited on the
diamond substrate followed by some nickel layers. Ti is used
to enhance the adhesion of the Ni layer. Several samples have
been processed with nickel thicknesses of 30, 80 and 300 nm.
The Raman spectra show that the D peak intensity decreases
and that the G and 2D bands narrow as the thickness of the
nickel layer increases up to 300nm in this study. The results for
the samples with a 300 nm thick layer of nickel are described
next.
Figures 2 (a) and (b) show a representation of the temporal
profiles of the annealing temperatures for samples A and B, re-
spectively. The growth steps are carried out in an UHV system
with a base pressure of 110 10 mbar. During the annealing
processes the pressure raises up to 310 8 mbar. The sample
temperature is measured by a thermocouple and by an optical
pyrometer working at a wavelength of 1 micron. Further de-
tails of the experimental set up can be found elsewhere [23].
The substrates are out-gassed for 30 minutes at 800 C (Fig. 2
(a) and (b), step i), and then they are cooled to RT. Sample A
is annealed a second time to 800 C for another 30 min (step
iii). On sample B, a layer of carbon is deposited by means of
MBD [23](Fig. 2(b), step ii) and finally it has been annealed a
second time to 800 C for 30 min, similarly to sample A (step
iii). The MBD deposited carbon thickness is 37 Å and it is esti-
mated from the carbon cell growth rate. The C cell is calibrated
by measuring the height of a sharp step processed with oxygen
plasma etching in a non-annealed deposited thick carbon film
by Atomic Force Microscope (AFM) [23]. The MBD carbon
growth takes place during 300 min at a rate of 0.123 Å/min.
During the deposition, the substrate temperature rises to 500 C
due to the proximity to the carbon filament which is at 2100 C
(Fig. 2 (b), step ii).
The cooling rate is -20 C/sec for the first 200 C. After the
samples have been removed from the UHV chamber they are
analyzed by means of Raman spectroscopy, Optical Microscope
(OM) and AFM. Then, the nickel film is etched away using a
selective aqueous iron chloride (FeCl3) solution [16]. The films
are then transferred onto a microscope cover glass to perform
further Raman spectroscopy measurements and to estimate the
thickness by means of measuring transmission absorption of a
laser light.
Raman and optical absorption measurements are performed
at room temperature with an argon-ion laser operating with
emission at 514.5 nm. The laser spot size is 20 m and the
power is kept at 5 mW. Spectra are recorded by a Spex-1404,
0.85-m double grating spectrometer using CCD detection. The
spectral resolution is 4 cm 1. The Raman measurements fo-
cus on the well known D, G and 2D optical phonons. These
bands are prominent features in the Raman characterization of
graphite and graphene materials [32].
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Figure 2: (Color online) Schematics of the fabrication process. After degas at 800 C during 30 min for both samples ((a) and (b), step i), sample A is annealed at
800 C for 30 minutes (panel (a) step iii). On sample B a layer of 37 Å of carbon is deposited during 300 min (panel (b), step ii). Then an annealing takes place
(panel (b) step iii) at 800 C for 30 min.
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Figure 3: (Color online) (a) AFM image of the graphitic layers grown on Nickel
on a diamond substrate after deposition of 37 Å of atomic carbon, the lateral
size of the image is 20x20m2 and the vertical scale is 130nm. (b) Optical
microscope image taken with an x50 magnification on the same sample trans-
ferred onto glass with backlight illumination. The inset depicts an image of the
whole sample with a x2.5 magnification objective with front light illumination.
3. Results
Figure 3 (a) shows an AFM image of sample B. The image
is 20x20 m2 and the color scale represents changes in height
up to 130 nm. The arithmetic average of the roughness profile,
Ra, is 12 nm. The surface morphology of sample A is simi-
lar to sample B. Figure 3 (b) shows an optical microscope im-
age taken with an x50 magnification on a sample B transferred
onto glass with backlight illumination. The inset of figure 3 (b)
shows the whole sample with a x2.5 magnification objective
with front light illumination. Attempts to measure the thick-
ness of the film after transferred onto glass by means of AFM
or profilometry have been unsuccessful due to a very large sur-
face roughness.
We have estimated the thickness of the transferred films by
measuring its optical density with a 514.5nm laser. The opti-
cal absorption is performed with a laser spot of 20x20 micron2
in size, averaging the thickness over this area. We have per-
formed absorption measurements in dierent positions of the
samples and the results show a uniform (within 10%) optical
density. According to [33, 34] the thickness d of graphene or
few graphene layers can be described by
d =
 1
4   C1  ln(
I
I0  (1   R) ); (1)
where C1 = n = 5:446m
 1, n is the real refractive index,
 is the extinction coecient,  is the laser wavelength, I is the
transmitted light intensity, I0 is the incident light intensity, and
R is the fraction of reflected light which can be ignored. Ac-
cording to equation 1, the thickness of the multilayer graphene
film in sample A (in which all the carbon is coming from the di-
amond) is d =121 Å. The thickness of the film in sample B (in
which 37 Å of carbon has been deposited by MBD) is d =212
Å.
The Raman signal of a layer of carbon deposited by MBD
on nickel on diamond with no annealing treatment shows no
D, G or 2D resonances (not shown, see similar spectra in sam-
ples with Ni on SiO2 in reference [23]). In contrast, the Raman
spectra of samples A and B clearly shows those resonances and
Figure 4: (Color online) Raman spectra of sample A with the multilayer
graphene film on Nickel (top spectra; open red square symbols); and transferred
onto a microscope cover glass (bottom spectra; open black circle symbols). In-
set show schematics of the sample on Ni (green) and transferred onto glass after
etching with FeCl3.
are shown in Fig. 4 and Fig. 5 respectively. They have been fit
to Lorenztian function (color online: blue line) and normalized
to the G resonance maximum intensity. The spectra taken on Ni
(color online: red symbols) have been shifted up for clarity. All
of them show (see table 1) Raman resonances at 1360 cm 1
(D), at 1585 cm 1 (G) and at 2715 cm 1 (2D). When a thin
layer of carbon is deposited by MBD (Fig. 5, sample B), the
full width at half maximum (FWHM) of the G band decreases
from 30.7 cm 1 to 21.3 cm 1. The intensity of the D resonance
in sample A increases by approximately a factor of two after
the transfer.
We have observed an increase in the FWHM of the 2D peak
from 75 cm 1 to 105 cm 1 when the thickness of the nickel film
is decreased from 300 nm to 30 nm, respectively (not shown).
Currently more investigation of thickness dependence is being
carried out.
We have explored other substrates and other transition met-
als. For example, when the annealing process employed in sam-
ple A is repeated using a layer of 5/300 nm of Ti/Ni on 300 nm
of SiO2/Si(001), the Raman spectra (not showing Figs.) have
no traces of the graphitic-characteristic phonon bands (D, G,
and 2D).
When a glassy carbon substrate is used instead of dia-
mond(001), no graphitic Raman phonons can be detected on
the surface of the nickel. Copper has been also used as a
metal buer matrix instead of nickel, with the aim of achiev-
ing much thinner layers. Again we have not observed any Ra-
man phonons related to graphite when samples are fabricated
by employing the same annealing profiles.
4. Discussion
The presence of the D, G and 2D Raman resonances (Fig.
4, 5 and table 1) clearly indicate the precipitation upon cool-
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D G 2D
W0 FWHM I=IG W0 FWHM W0 FWHM I=IG
(cm 1) (cm 1) (cm 1) (cm 1) (cm 1) (cm 1)
Sample A On Ni 1364.0 85.0 0.128 1585.2 30.3 2717,6 71.3 0.172On Glass 1356.1 47.3 0.251 1583.3 34.3 2713.5 92.4 0.234
Sample B On Ni 1359.0 110.0 0.068 1585.2 21.3 2717.3 62.1 0.206On Glass 1357.0 79.9 0.078 1584.3 23.3 2714.1 76.8 0.219
Table 1: Description of Raman resonances D, G and 2D on samples A and B on Ni and after transfer onto glass. W0 is the position of the peak. FWHM is the Full
Width at Half Maximum and I=IG is the intensity normalized to the maximum intensity of the G resonance.
Figure 5: (Color online) Raman spectra of sample B with the multilayer
graphene film on Nickel (top spectra; open red square symbols); and transferred
onto a microscope cover glass (bottom spectra; open black circle symbols). In-
set show schematics of the sample on Ni (green) and transferred onto glass after
etching with FeCl3.
ing on the surface of few graphene/graphitic material. The best
results are obtained for a nickel film thickness of 300 nm. At
800C carbon can diuse through the titanium layer easily and
be dissolved into the Ni. At this temperature Ti is highly solu-
ble in Ni[35]; therefore the nickel film will be highly exposed
to the diamond. Another fact that helps the reaction of diamond
with Ni is a diamond surface roughness which is twice as the
thickness of the Ti layer.
The optical absorption measurement results show that the
precipitated film in sample A is 36 equivalent graphene mono-
layers (ML) thick (1 ML ' 3.35Å). The morphology of the
multilayers graphene films is imposed by the nickel multigrain
structure observed in figure 3. These multilayers of graphene
reproduce the underlaying Ni grainy structure with a typical do-
main size 1 m (Fig. 3, a). The optical contrast variation in
the image suggests also a multigrain structure with locally large
variations in the optical density. The transfer process induces
some damage on the sample as it can be observed in the inset
of figure 3 (b). It is also apparent in figure 4, in which it can be
observed that the intensity of the D peak in sample A is a factor
two more intense after transfer. Sample B is less sensitive to
the transfer, probably due to a larger thickness of the film. The
large surface roughness in the film made unsuccessful thickness
measurements by AFM or by optical profilometry.
The dierence between the estimated thickness in sample A
and in sample B is larger than the amount of deposited carbon
by MBD ( 37Å) and could be attributed to some extra carbon
( 54Å) that has been dissolved into the Ni during the 5h MBD
growth in which the sample has been annealed at 500 C during
the carbon deposition (see Fig. 2 (b), step ii). These results sug-
gest that there is a strong catalatic eect of Ni on the dissolution
of diamond, even at such low temperatures.
In comparison to other methods for the growth of large
area graphene, the measurements of the D peak relative inten-
sity in our samples are lower than those reported for Reduced
Graphene Oxide (RGO) graphene grown samples [22], similar
to MBE grown samples [23] but are higher than those reported
for CVD grown films [16, 17]. The presence of this D band can
be attributed to the high density of grain domains shown in Fig.
3. It may also be related to the presence of intrinsic defects in
the grains.
The transfer process of the films onto glass induces in the
G bandwidth a slight increase of 8% in both samples, prob-
ably due to an increase of defects or chemical residue in the
film. On the other hand, when a thin layer of carbon is de-
posited by MBD (Fig. 5, sample B), the full width at half maxi-
mum (FWHM) of the G band improves from 30.7 cm 1 to 21.3
cm 1. Multilayer graphene films produced by other large area
growth methods such as CVD [16] (film still on Ni) yield com-
parable widths on average of 26 cm 1. Alternatively, multilayer
graphene grown by RGO shows a larger G band width of about
55 cm 1 (see supplementary information in Ref. [22]). The
improvement of the quality of the samples with some MBD-
deposited carbon may be related to the fact that the graphitic
layers are thicker, or to the formation of pre-nucleation surface
sites. It also could be related to the longer annealing time of
this sample at 500C.
The 2D peak position (2714 cm 1) is markedly blue-shifted
with respect to the position of the 2D band in a single layer
graphene flake (2700 cm 1) but its energy is still below the one
measured in bulk graphite (2726 cm 1). The 2D spectra of sin-
gle graphene layer and bulk graphite have been measured in
our experimental set up using the same excitation laser wave-
length (514.5 nm). The PUC-samples 2D peak position can be
interpreted by the presence of weakly coupled multilayers of
graphene, or by the presence of some turbostratic order. The
width of the 2D bands measured in the MBD samples (see ta-
ble 1) is 62 cm 1, similar to the one measured in samples con-
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taining few graphene layers grown by CVD method [16] (64
cm 1), although almost twice as broad as that from a single
layer graphene grown by CVD (30-40cm 1) [17]. The analysis
of the FWHM of the 2D Raman peak is unambiguously use-
ful in the analysis of the number of layers of graphene [36].
According to this reference, the fullwidth of our best samples
correspond to multilayer of graphene.
The final thickness of the graphitic layers will depend on the
amount of dissolved carbon into nickel, on the diusion through
the nickel film and on the final segregation and nucleation on
the surface. All these processes strongly depend on tempera-
ture. It should be possible to finely control the thickness of
these thin graphitic layers down to a monolayer by adjusting
key process parameters such as the temperature, the annealing
time, cooling rate and the Ni film thickness. It is also very im-
portant to improve the nickel quality and its surface roughness.
Another interesting factor to explore is the interfacial reactiv-
ity of a dierent diamond orientation under similar processing
conditions. For example, we expect a lower catalytic reactivity
of Ni on a (111) diamond surface, and may be another way to
reduce the final graphitic layer thickness.
Our results using Ni on a SiO2/Si substrate instead of dia-
mond proves that the sole source of carbon in sample A is the
diamond(001). Also this result proves that there is no carbon
contamination from the environment during the annealing pro-
cess.
On the other hand, the fact that there is no dissolution of
glassy carbon into nickel suggest that the catalytic eect of
nickel on dissolving carbon atoms of the substrate is much
larger in diamond than in glassy carbon. We can speculate
that this eect is linked to the fact that this carbon allotrope is
much more stable than diamond, with a much more significant
amount of sp2 hybridization[37].
We have tested that copper on diamond(001) does not react in
a similar way as Ni does. Therefore, this PUC growth process
can not be used under similar conditions. This result can be
understood based on a very low solubility of carbon on copper.
Actually, it has been recently demonstrated that the growth of
graphene on copper by CVD is a surface process [21].
The graphitic synthesis process proposed in this work would
be much more cost-eective if diamond-like, or other carbon
containing substrates, could be used. The fact that at temper-
atures as low as 500C there is a strong reaction of diamond
with nickel suggests that other substrates could be used. Exper-
iments are currently in progress to use the carbon deposited by
MBD as a source for the dissolved carbon in nickel.
5. Conclusions
Few graphene layers are grown by precipitation upon cool-
ing (PUC) of a thin nickel film deposited by e-beam evapo-
ration on a single crystal diamond (100) oriented substrates.
Carbon segregation produces few graphene layers on the top
surface. Characterization by Raman spectroscopy reveals that
these thin graphitic films display good quality with relatively
narrow Raman peaks. We also show the growth of similar sam-
ples by combination of the segregation process and a molecular
beam deposited (MBD) layer of carbon. The catalytic reaction
of nickel with diamond is not observed when glassy carbon is
used as substrate.
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